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rate ratios,/” However, electrochemical reactivities |that are enhanced by
fold on this basis were observed for copplexes with ring-

') containing substituents, The extent of these rate enhancements depended

N on the ring structure, ghe smallest (ca 10 to 30 fold Being seen with

. aliphatic ring substityents, and the largest (200 to l- fold) for

thiophenes, with intefmediate values for reactants having furan, pyridine,

‘l:‘l"‘\: ‘ '. ',:
s

iy . and benzene groups. Similar unimolecular rate constants were nonetheless ”
§ " observed for the electroreduction of several of these complexes when - - .,;j
-{ 'electrostatically adsorbed at chloride-coated silver. This indicates that fﬁ};
X the observed catalysis at mercury and gold surfaces arises from reactant SR

adsorption, i.e., from increased precursor stability, presumably i
' associated with "hydrophobic” or van der Waals ligand~surface interactions v
o "Normal" outer-sphere electroreduction pathways were observed, however, ag) D
= mercury electrodes in several aprotic solvents, as .deduced from the co 3

A

35 correlation between the electrochemical reactivities and the induy
- substituent parameter. A similar correlat s seen £ (an)
reduction kinetics in aqueous solution
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LIGAND STRUCTURAL INFLUENCES UPON ELECTROCHEMICAL REACTIVITY:

LY 0. e
O
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ORGANIC SUBSTITUENT EFFECTS UPON CARBOXYLATOPENTAAMMINECOBALT(III) %:L“

REDUCTIONS AT MERCURY AND GOLD ELECTRODES R

P NN
AT
ALY A

Tomi T-T. Li.and Michael J. Weaver#

- Departmént of Chemistry, Purdue University
- West Lafayette, Indiana 47907

ABSTRACT

The electroreduction kinetics.of 33 carboxylatopentaamminecobalt(111)
complexes containing a variety of aliphatic, aromatic, and heterocyclic
substituents have been examined at mercury- and gold-aqueous interfaces
‘and compared with the corresponding homogeneous reduction rates with 1
_ - Ru(NH3)62+ in order to examine the relationships between the substituent A
- structure and electrochemical reactivity. Complexes having acyclic aliphatic ) SN
. groups yielded "normal" outer-sphere reactivities on the basis of their
similar relative rate constants at a given electrode potential in comparison e
with the corresponding homogeneous rate ratios. .However, electrochemfcal
reactivities that are enhanced by ca 10 to 104 fold on this basis were L
observed for complexes with ring-containing substituents. The extent of

these rate enhancements depended on the ring structure, the smallest

(ca 10 to 30 fold) being seen with aliphatic ring substituents, and the
" largest (200 to 10 fold) for thiophenes, with intermediate values for S

reactants having furan, pyridine, and benzene groups. _ Similar unimolecular 'iii

rate constants were nonetheless observed for the electroreduction of several of these T
comﬁlexes when electrostatically adsorbed at chloride-coated silver. This
indicates that the observed catalysis at mercury and gold surfaces arises
o ftom reactant adsorption, i.e., from increased precursor stability,
presumably associated with "hydrophobic" or van der Waals ligand-surface R
'i interactions. "ﬁormai" outer-sphere electroreduction pathwayb were pbqgrved, ) S
- however, at mercury. electrodes in several aprotic solvents, as deduced from -
QZ the common correlation between the electrochemical reactivities and the o
‘ inductive substituent parameter. A similar correlation is seen for the

Ru(NHs) * reduction kinetics in aqueous solution. .
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INTRODUCTION

We hgve recently been examining the kinetics of simple electrochemical
reactions involving transition-metal systems, primarily Co(III)/(I11),
Cr(II;)/(II), and Ru(III)/(II) couples at a variety of metal-solution

1nter£aces.1 One objective is to evaluate how the rates and mechanisms

of heterogeneous electron-transfer reactions are influenced by the : . b
~coordinated ligand structure, especially in relation to the detailed picture
'of‘reactant structural effects that has emerged for reactions between

metal cqmp;exes in homogeneous solut:l.on.2 Similarly to homogeneous
processes, such eiectrochemical reﬁctious.commonly occur via inner-sphere )
mechanisms where a coordinated’ligand is boﬁnd directly in the transition
‘state for electron transfer.za Not surprisingly, the kinetics of such
inner-sphere reactions are often ;xtrenely gensitive to both'the nature of
the metal surface and to the bridging ligand.lf—h’zc

By analogy with homogeneous process, outer-sphere electrochemical

mechanisms are anticipated for reactants that lack a functional group capable

of binding to the metal surface. Thus electron transfer involving such ﬁ:j:
species is expected to occur without the coordinated ligands penetrating !!.!
_ the inner layer of solvent mﬁlecules adjacent to the electrode surface (the
electrode's "coordination layer“).za One therefore might expect that the
reégtant-electrode interactions for such pathways woula.be weak and nonspecific,

such that the reaction'energetics would be essentially unaffected by the

fnterfacial environment.

A useful way of testing this notion is to examine the sensitivity of the SRRy

electrochemical reactivities to variations in the ligand structure at a

»l‘. .
9% s % h
L

given'electrode potential, E, in comparison with the corresponding relative

homogeneous reactivities obtained using a fixed outer-sphere reducing (or
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where Alog kCorr and Alog k

ligand in Co (NH,) 5OH,

- 1igands bound to bent;;mminecobalt(III) and containing a sulfur surface

oxidizing) agent, x;}b,c,d,f,h,Zb,c,3 Providing outer-sphere pathways are

uniformly followed, we expect that4

- (blog K}

.(Alog k: corr)x (1)

orr)E

cort are the corresponding variations in the

work-corrected electrqchemical and homogeneous rate constants, respectively. %_?:
Although reasonable accordance with Eq. (1) has been found for a number of
systems, substantial deviations have also been observed.1P»¢:ds2b

Of particular interest are the rate variations induced by the presence . Euff
of organic substituents. We have found that the substitution of the aquo o
. 3+ by 4,4'-bipyridine and related nitrogen heterocyclic ' 5};?
iigands yields substantial (up to 104 fold) enhancements of the Co(III) Dt
reduction rates at mercury-, platinum-, and gold-aqueous interfaces in
comparison to their relative homogeneous outer-sphere reactivities, even
théugh several of these ligands lack an effective surface
binding'g:oup.}d This behavior appears to be due to reactant

adsorption induced by the relatively "hydrophobic" organic 1igands.1d

We have recently employed a variety of aromatic and aliphatic carboxylate

binding group in order to examine the dependence df the unimolecular rate S

parameters for reduction of surface-attached Co(II1) upon the structure of

the extended organic bridging group.}h’zc’s A valuable feature of such

CQ(NB3)5L2+ reduction reactions is that wide variations in the extent of
reactant-surface, interactions can be achieved by altering remote substituents

in the carboxylate ligand L, thereby. maintaining the cobalt redox en&i;onment

roughly constant. Such systems have received detailed attention in homogeneous Fo
soluéion,6 Not surprisingly, COIII(NH3)5L complexes containing ligands ;;&:
| LR

o ;-‘_:_‘.
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suitable for surface attaéhmenC, such as :hiophenecarboxylates,lh yield

! observed electrochemical rate constants, kbb (cm sec-l), that are typically

' . ca 103 to 104 fold larger than for related reactants, such as Co(NH3)50Ac2+ é;;i
E' . ’ (OAc = acetate), that lack such binding groups.1h However, we have also é?%?
‘ . observed large values of kob for other CoIII(NH3)5L complexes at mercury i%i
! . ana gold electrodes where L containg an extended organic functional group, such as }j:;
E furans,lh that are not.expected to pind strongly. to these surfaces. - ;EZE
E ' We describe here a systematic examination of the electroreduction %
! kinetics of 33 CO(NH3)5L2+ comblex?s containing a variety of organic- . . E:if
;: substituted carboxylates, L, at mercury and gold electrodes. The aim is 5

E ;o ascertain broad relationships between the electrocaialytic properties

E (1.e., kob enhancements) and the structural features of L. Comparisons are %?3}
é' presented between the electrochemical reactivities at mercury and gold : -
&- , electrodes and rate constants for the corresponding homogeneous reactions B

« Electro-

in aqueous solution with the outer-sphere reductant Rn(NH3)62+

chemical rate data are also presented in dimethylsulfoxide (DMSO), N,N-

- dimethylformamide (DMF), formamide, and propylene carbonate in order to TN

-, ' examine further the influence of reactant-solvent interactions upon the

o ‘reactivity patterns. ROy
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EXPERIMENTAL

Carboxylatopentaamminecobalt (I11) perchlorates not available from
previous studieslh’5 were prepared either from aquopentaamminecobalt(III)
perchlorate in aqueous solution or from carbonatopentaamminecobalt(III)
nitrate in diethyleneglycol by utilizing the procedur;a outlined in refs. lh

. ané 7, respectively. The carboxylate ligands were all obtained from
Aldrich Co. Where necessary, the compounds were purified by chromatographic
separation using Biogel P-2 anion resin, to remove un;eacted ligand, eluted
with water, and recrystallized ft0? water. The purit§ was confirmed by
elemental analysis and infrared an; uv-visible spectra. Water was purified
by using a Milli Q system (Millipore, Inc.). Sodium perchlorate supporting
electrolyte (G. F. Smith) was twice recrystallized from water.

Most nonaqueous solvents (Burdick and Jackson, uv grade) were degassed
and stored over molecular sieveg before use. Tetraethylammonium perchlorate
(G, F. Smith, Co.), used as the supporting electrolyte in nonaqueous nedig,
was recrystallized twice from water and dried in a vacuum oven.

Most observed rate constants, kbb (cm sec-l), were determined as a
function of ‘electrode potential, E, at both dropping mercury
and gold electrodes for ca. 1 mM reactant concentrations by means of normal
pulse polarography using a PAR 174A Polarographic Analyzer as outlined in
réfs. la, 1g, and 1h. The gold electrode measurements utilized a rotating disk
arrangemené spun at 250-500 r.p.m. to eliminate the effect of reactant
depletion from the preceding pulse.lg Some rate constants were determined
additionally by using. either a.c. polarography or rotating disk voltammetry,
the latter with rotation speeds between 100 and 2,000 r.p.m. The gold
surfaces were pretéeated a8 in ref. la. The resulting values of kob at
gold were typically reproducible to : 50X, whereas those at mercury could be
reproauced to at least * 20%.

Unimolecula; rate constants, ket (sec-l), were obtained for some outer-

sznere reactants by means of rapid linear sweep voltammetry, the compléxes

o S S et et St s et S p A th et e " e e
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being adsorbed electrostatically at halide-~coated silver surfaces, as

detailed in ref. 8, (see Results section). Second-order rate constants,
kRu (g'l sec—l), for the outer-sphere reduction of the Co(III) complexes

by Ru(NH3)62+ in homogeneous solution were determined using a polarographic

method in 0.05 M sodium trifluoroacetate containing 5-20 mM trifluoroacetic i:hf

_acid as outlined in ref. lh. : ?}i}f

All electrode potentialsare quoted with respect to the saturated:

calomel electrode (sce). All kinetic measurements were made at 24 % 0.5°C. .5}ﬁ

RESULTS AND DISCUSSION

Apparent Electrochemical Reactivities in Agqueous Media

Table 1 contains electrochemical rate constants, kob (cm aec-l), and

- transfer coefficients, aob[- -(RI/F)(dlnkbb/dE)], for the one-electron

i reduction of thirtyfthree Co(NH3)5L2f complexes (L = carboxylate) at mercury S
and gold electrodes in contact with aqueous 0.1 M NaCl0,. A common elect;:ode 0
'E - potential, -100 mV, is chosen so to facilitate intercomparison of the data; :
i this value minimised the extent of lnkob-E data extrapolation. In any ;“?
i case, the relative rate constants are not greatly dependent on the electrode

5 - potential since the véiues of b lie mostly in the range ca. 0.65-0.8 ;i;i
é (Table I). Most rate messurements were haée in solutions acidified to ﬁl’?
- pH 2-3 with  HCLO,. Only small or negligible (two fold br less) values

; . of k op Vere obtained using neutral media, even though several of the Ei;;
E Co(III) complexes (in particular the nitrogen heterocycles ) are sufficiently o

strongly basic to be protonated even at pH 3. (Br these systems, kob is

‘ slightly, up to 1.5-2 fold, larger in neutral media.)
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All the Co(III) complexes were electroreduced in a single electron step,

. at least at potentials on the rising part of the polarographic or voltammetric

. ,_waves,'.ci 100mV to -300mV, where the electrochemical kinetics could.be
obtained. Thus a well-defined diffusion-controlled current plateau was
obtained in each case, corresponding to one-electron reduction with diffusion

6 cn? sec-l.‘ This also indicates that

Te . v &8 _ ¥,
S OVRIACALA

coefficients in the range 7 (+2) x 10
the carboxylate ligands are not reduced under these conditibns, either in ;
- coordinated or free form since they are released upon formation of Co(II).  -- ?;g
;ﬁdeed solutions containing the free ligands exhibitéd no electroreduction
;: " until potentials markedly more negative of ~-300mV.
-. The various~s§bstituents on the carboxylate ligands can be categorized
as follows: (i) small acyclic aliphatic groups (systems 1-10); (i1) groups

. containing five- or six-membered aliphatic rings (systems 11-15); (iii) groups

v
“ToT T e

‘
.
.




(nitrogeh and sulfur, respectively) that might be expgcted to bind to metal

. The kob values for reduction of these reactants at mercury are indeed typically

containing benzene rings (systems 16-19); (iv) furan substituents (systems
20-22); (v) pyridine substituents (systems 23-26); (vi) thiophene substituents
(systems 27-33). Of these ligands, (v) and (vi) contain heteroatoms

/
surfaces and therefore engender facile inner-sphere electroreduction pathways.

102-103 fold larger than for those containing small aliphatic groups;
this is reasonably attributed to such inner-sphere ca?alyses.lh However,
inspection of Table I reveals that.large and even comparable electrochemica% .
reactivities are also observed for reactants containing other alicyclic
gnd aromatic substituents, especially benzene rings, thét lack such surface
"lead~in" groupsw.

These effects are illustrated more clearly in Fig. 1, which is a plot
of log (kgb/kgﬁc), yhere ktb and k2$9 are the electrochemical rate constants
for the reduction of a given complex and Co(NH3)50Ac2+, respectively, at .

mercury at -100 mV, against log (kt/kgAc), where kt and k:Ac are the

corresponding rate constants for the homogeneous reduction by Rn(NH3)62+.

The réduction of Co(NHs)SOAcZ+ was selected as the "reference reaction"

in view of the simple structure of the acetate ligand. Provided that the

electrochemical, as well as homogeneous,'reactioné follow outer-sphere AR

pathways, from Eq. (1) we expect that

OAc

) T log (/IO 2

L
log (kob/kob

since then the werk-term corrections should be similar for each reaction
and thereby cancel in the rate ratios.
Inspection of Fig. 1 reveals that reactants containing acyclic aliphatic e

[class (1)] substituents do yield good agreement with Eq. (2) in that almost

all the points are close to the predicted straight line shown, having unit




..................................................

slope and zero intercept. This suggests that these electrochemical reactions
all proceed via similar, presumably outer-sphere, transition states (vide
infra). However, the remaining points are uniformly above this line, so

that the values of kob for all 24 reactants having ring-containing substituents

[classes (ii)-(vi)] are between 20 and 103 fold larger than are expected
: fréﬁ the homogeneous reactivities on the basis of Eq. (2). Some interesting
trends can nonetheless be discerned from Fig. 1. Most prominently, the
fdegree of electrocatalysis" as measured by the vertical displacement of

the experimental points above the 'theoretical" solid line is systematically
L 4

dependent upon the nature of the substituent ring. We shall express this

electrocatalysis as the rate ratio ktb/kggz, where kﬁ%z is the electrochemical

rate constant corresponding to kﬁb that is predicted from Eq. 2; i.e., from

the straight line in Fig. 1. For the varjous substituent classes, the
approximate range of values of kgb/kﬁgz are as follows: alicyclic aliphatics
[class (ii)], 10-30; benzene substituents [class (iii)], 100-300; furans h
[class (iv)], 50; nitrogen heterocyclics [class (v)], 50-300; and for thiophenes

[class (vi)], 102-10°

. Of the class (i) substituents, only C013C00- yields
a substantially higher electrochemical reactivity than predicted by
Eq. (2) (rig. 1).

The observed electrochemical rate constants can usefully be separated

into precursor-state and electron-transfer contributions according tolo

k., = Kk (3)
where Kﬁ (cm) is the qquilibrium constant for forming the precursor state
(i.e., the reaction site in the double layer) from the bulk reactant, and
| A ¢ (sec-l) is the unimolecular rate constant for the elementary electron-

transfer step. The dependence of ket as well as Rp upon the carboxylate
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ligand structure has been scrutinized in detail for a number of thiophene-

carboxylatecobalt (I1I1) reductionsoccurring via thiophene~bridged transition
states.lh Substantially (ca. 10-20 fold) smaller values of ket are found
at mercury electrodes with bridging ligand containing one or more

methylenes between the thiophene surface binding group and the cobalt

..compared to those for reactants with ligands featuring uninterrupted conjugation.

These differences appear to be due to the occurrence of nonadiabatic

ggthways (i.e., where the electronic transmission coefficient "el < 1)

for the former systems. For the latter, it appears that Kel ~ 1; the
]

reactivity enhancement, k /k q2 for these inner-sphere systems relative

2+

to structurally similar outer-sphere reactions (such as Co(NB3)50Ac reduction)

is due largely to the large (ca. 103

lh

fold) increases in Kp resulting from
surface attachment.
Values of Kp aE mercury were not determined directly for the other
Co(1II) carboxylate reactants in Table I since they are insufficiently
large (K.p s 10-4 cm) to beé extracted reliably from rapid linear sweep
volc;mnetry.lh Nonetheless, broadly speaking,the variations of kib/kigz
with the substituent ring structure noted above can also be rationalized
in terms of differences in precursor stabilities (vide infra). Thus the
presence of unsaturated rings [classes (iii)-(vi)] yields substantially
larger k b/kqu values than for the aliphatic rings. This suggests that
ring-metal surface v interactions and possibly “hydrophobic interactions"
contribute iﬁportantly to the stabilization of the precursor state, although
differences in « el’ and hence in k et DAY also play a significant role. 1In
particular, the obsetvation that the k / qz values with the benzene
substituents are cloae to those for the thiophene complexes implicates the

imporéanceofsuch aromatic rings to the precursor stability. The ca. 5-50

v
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. fold larger value of kob for L = CC13COO_ with respect to L = CF

fold larzer values of ktb/kggz for the thiophene reactants relative to those

found with the closely analogous furan substituents (Fig. 1); i.e., where
the sulfur atom is replaced by oxygen, nevertheless illustrates the influence
of the heterocyclic atom upon Kp, probably as a'resulF of surface 4
bonding.lh Such effects also likely to be responsible for the ca. 20
4C00”
(points 3 and 4, Fig. 1), presumably associated with chlorine-mercury
gurface interactions.

An alternative way of examining such ligand effects upon the redox
reactivities involves their correlation with inductive and steric parameters

6b,11

for the various substituent groups. Figure 2A is a plot of log kb

b

for thirteen Co(NH:.,)st+ electroreduction reactions against the Taft inductive
parameter, o*, for each carboxylate substituent.lz For the acyclic aliphatic
substituents, log kéb increaaes_approxima;ely linearly with increasing o*;
i.e., with increasi;g electron-withdrawal power of the organic Substitueng.
Although the effect is relatively small, it ies consistent with thermodynamic
expectations since electron withdrawal from the cobalt redox center is
expected to destabilize Co(I1I) relative to Co(IIl), shifting the (unknown)
'Co(I1I)/(I1) formal péﬁential positive and Fhereby increasing kob at a

given electrode potential. A similar correlation is seen for the corresponding
ho;ogeneous reactivities, log kh’ of Co(NH3)5L2+ with Rh(N83)62+ in Fig. 2B,
éven thougﬁ some systems, for exampl; L= (CH3)3COO_, have kh values that

are somewhat: smaller than expectedﬁ This may be due to the influence of

steric effects agsociated with the electrostatically preferred approach of

the Ru(NH3)62+ reductant to the negatively charged carboxylate ligand. This
effect is, however,.ptobably small for most systems in Pig 2B since addition of

a suitably weighted term based on Taft steric parameter12 does littie to improve

the correlation.

While a consistent log kn-o* correlation is also observed for reactants

with ring-containing as well as acyclic substituents (Fig. 2B), the former -

.
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vield electrochemical reactivities that are substantially larger than
expected from the log kob - o* correlation (Fig. 2A). This provides further
evidence that the unexpectedly large values of kob for alicyclic as well

as aromatic substituents (Fig. 1) arise from the influence of the interfacial

environment,

_ Unimolecular Electrochemical Reactivities

An additional meaﬁs of examining the electrochemical rgactivities of
CO(NH3)5L2+ complexes involves the direct evaluation of unimolecular rate
;onstants, ket’ by means of rapid linear sweep voltamﬁetry of electrostatical;y
adsorbed reactant at halide-coated.silver surfaces.g Table II contains val&es
éf Koo determined in th;s manner at chloride-coated silver for the reduction
;f five Co(NHa)st+ complexes and also Co(NB3)63+ at -200 mV.vs s.c.e. Full
details of such measurements are given in ref. 8. The striking feature of
the két values in Table II is t@at, similarly to the corresponding kh values
(Table I), they are'virtually independent of the carboxylate ligand.

Such kct values can also be employed to extract precursor stability
constants, Kp, from the corresponding kbb values obtained at the mercury-
aqueous interface by using Eq. (3). It is preferable, however, to correct

k‘t for the double-laiér potential drop, ¢r,'at the silver surface, yielding

corr
ket

p&icnti&l if ’r = 0. (This value of k::rr can therefore be assumed to be

a "work-corrected" value, » that would be observed at a given electrode

roughly independent of the surface environment, and therefore appropriate

for mercury as well as silver surfaces.) These quantities are related by8
torr
kee = kg e"p('“cqrrur:/ RT) (%)

where the work-corrécted transfer coefficient is approximated8 by

aet[4'-(RI/F)(dlnket/dE)] (Table II). For the present conditions,
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2 ty =110 mV;8 the values of k:zrr at ~200 mV obtained from ket by using ?ﬁj
'§ Eq. (4) are also listed in Table II. These are combined with the corresponding E;i
;‘ kbb values obtained at mercury electrodes at -200 mV to yield the "effective" E;:
5? precursor stability constants, K;, given in Table II py using E;é
3 A
o RE = ko fkge (5) =

5 [These precursor stability constants K; differ slightly from the values, Kp’
& defined by Eq. (3) in that the former contain an electrostatic component

ST DATRPRTNT NN S P
S SRR I N
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34 appropriate to the effective transftian-state charge (zr - ), rather

%corr
than to the reactant charge Zr.13] It is useful to define a "nonelectrostatic"

(or "staiistical“lo) component of K;, K,» given by

A
. B e e

PRI .
E ST L

A

ii Ry = K; exp[(zr - acorr)F¢r/RI] (6) E;;;
ig where ¢r is now the”reactionrsite potential at the mercury-aqueous . ;;;2
vg interface., The resulting estimates of l(.o for the reactions at the megcur;- S;E
:: aqueous 0.1 M NaClo, interface at -200 mV, assuming that ¢, = ~20 mV :\
e under these condition8,14 are listed in Table II. ;23
- For outer-sphere reactions, it is expected thatls ;?;
; R, = x+ (v5 x 1072 cm) 7 E;E;
s . LI
; where x is the distance beyond the plane of closest approach over which ;i:
E reaction agiabatici:y is retained (i.e., for which the electronic transmission if
2 coefficient;'xel, remains close to unity). The estimates of Ko for CO(NH3)63+ Eif
; and Co(NH3)50Ac2+ reduction in Table I, ca. 10-7 cm, are somewhat larger iéi
é than that expected from Eq. (7), K, v 10"8 cm, given that we anticipate that 555
2 Xslx 1078 . his may be due to the inevitable uncertainties contained Eiz
‘ in tﬁé above analysis or, more likely, to a nonelectrostatic contribution E“;
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‘f to Ro. However, the estimates of Ko for the ring-containing carboxylates
:}: in Table 1I are substantially (ca. 103-101‘ fold) larger than expected
__ from Eq. (7), again implicating the presence of strong reactant adsorption \
. . . . arising from ";pecific" interactions between the substituent ring and . .i
the metal surface. S__::_
. We have also observed facile electron mediation for Co(III) ' *‘.-.'_f_."j
- reduction by nitrogen heterocyclic ligands at mercury-, gold-, and platinum- : 4
agueous :Lnterfaces.ld These effects were similarly attributed to enhancement __;
of the precursor stability via "hydrophobic" ring-surface interactions or _ - | ki
n bonding. The present systems also display such behavior at the gold- 'ﬂ
.aqueous interface. A plot of log (k:b/kg:c) at gold versus log (ki‘/k;“c), f'""i
o similar to that shown for mercury electrodes in Fig. 1, is given in Fig. 2. Kﬂ
Although a number of systems in the latter plot display considerably more :: R
scatter than in the former, the same general trends are observed in that ‘
A mosf of the ring~containing reactants yield markedly enhanced reactivities h—:
compared with those predic.ted from Eq.. (2). One apparent anomaly is that -q
several of the thiophene-containing reactants display kob values that are p—-;
- not f'ar from this prediction (i.e., close to the straight line shown), even : ‘_::1
. ~ though these reacﬁants. are very strongly adsorbed at golcl.]‘h This behavior ':,
is ptobably due to the occurrence of 1nhibited imier-sphere, or e§en -":':'j'
5 outér—sphei'e, pathways under the d.c. voltammetric cond;ltions where kob N—‘
: is measured arising from blockage of: the electrode surface by irreversibly . N ‘
v adsorbed :eac‘:tant and the uncoordinated ligand product. :___
Electrochemical Kinetics in Nonaqueous Media \
The foregoing demonstrates that-strikingly large specific 1igan.d
effe;ts can be induced on the electrochemical kinetics of even ostensibly
: out’er.-.sphere reactions in aqueous solution. Inasmuch as reactant-solvent

e e e AT e N e T e TS T et T At A S YAt T et . - RN .-
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and/or solvent-surface) interactions might be expected to play an important
role, it is of interest to examine the corresponding ligand effects in
nonaqueous media. Table III summarizes the electrochemical rate constants

~ for reduction of four representative Co(NB3)5L2+ complexes with respect

'to that for Co(NH3)50Ac2* reduction at mercury, k:b/kg:c. at a given electrode
potential in four nonaqueocus solvents as well as in aqueous solution. The
electrode potentials for each solvent were chosen so to avoid data extra-
polation. The electrolyte sslected for the nonaqueous kinetic messurements
was 0.1 M tetraethylammonium perchlorate (TEAP). (The values of ki‘b/kgcc vere.
insensitive to the particular electrolyte chosen, as expected since the
_?1¢ctro¢tatic work term embodied in Eq. (6) should be approximately the

;ame for each reactant.) _

The striking feature of the data in Table III is that the unexpectedly
large values of k:b/kg:c for ring-containing substituents seen in aqueous
solution are substantially diminished in nonaqueous media, especially in
propylene carbonate, DMF, and DMSO within which hydrogen bonding is absent.
Indeed, the values of log (kzb/kggc) in these solvents correlate approximately
with o*. This point is illustrated in Fig. 4, which is a plot of log kob‘
versus o* for thirtee& acyclic aliphatic an? ring-containing reactants at
the mercury-DMSO interface. In contrast to the corresponding plof for the
mer;ury-aqueous interface (Fig. 3A), a unified correlation is obtained in

Fig. 4 for all the reactions irrespective of the carboxylate substituent.

This strongly suggests that these aprotic solvents, in contrast to

aqueous solution, engender "normal" outer-sphere pathways for electroreduction ..

of Co(NH3)5L2+, at least where L lacks a strongly surface binding gréuﬁ. This

propénsity for outer-sphere behavior in these aprotic media has also been

3+/2+

seen for Co(en)3 electrochemical exchange (en = ethylenediamine),
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whereas unexpectedly large standard rate constants were observed at the

mercury-aqueous interface.l6 The latter behavior also can be traced to

J-s s

a markedly enhanced value of Ko.s Especially in the strongly "electron
_donating" solvents DMSO and DMF, the observed behavior can be understood
in terms of the strong reactant solvation arising from specific ligand-

" solvent interactions involving the ammine hydrogens. These interactions

NN AN

exert important influences upon the redox thermoaynamict.l7 Presumably

s T

-
. *

such strong solvation will hinder the close approach of the reactant to the
metal surface. "Hydrophobic" 1nte;actionsla between the organic substituents-
qﬁd the surface, which probably aids reactant adsorption in aqueous

gsolution, will be absent in aprotic media. (Indeed, th; strong adsorption

of a va;iety of organic molecules seen at metal-aqueous 1nterfacesl9 is
largely absent from aprotic solvents.)

The presence of "abnormal"-electroreduction pathways in aqueous aolu%ion
is also suggested by the larger values of o, seen under these conditions
compared to those in nonaéueous media (Tables I, III). Although complicated
by diffuse-layer effects,l4 these are suggestive of reaction sites

:l . closer to the electrodg surface, as would be anticipated for reaction

-pathways featuring specific reactant-electrode interactions.

Concluding Remarks

3 " The present results add substantially to the growing body of evidence
g - igdicéting that substantial deviaticns from normal outer-sphere pathways
often occur for mechanistically simple electrochemical rgactions involving
metal complexes in aqueous solution even when the coordinated ligands

14,24,8,16

» lack surface binding groups. These "surface environmental" if;

effects can be very large, yielding up to ca. 104 fold alterations in kob' by

. . . SON
X Broadly speaking, they are attributable primarily to variations in the A :q
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precursor stability associated either with specific ligand-surface interactions
or with differences between the reactant-solvent interactions in the bulk
solution and at the reaction site.ld As noted in ref. 1ld, one key difference

between elcctrbdes and homogeneous redox reagents is that the former always |

offer the possibility of delocalized reactant-surface interactions for

.-‘7'-'71’ ‘l‘_’l’.'{'.’f’ v.c-'f,-",-".-". v 'A.-

_ reactants containing extended organic structural units.
Precursor structures involving n-interactions between substituent rings
ggd the reductant have been postulated to occur for hqmogeneous reactions
related to those considered here ie order to account for unexpectedly

large reactivities.zo Another mechanism commonly proposed to account for

TRt L Tee e s
T, ,‘,. et S e
LN "". . « l. e 8 v .
N
™
1

enhanced homogeneous reduction rates involves sequential reduction of the
organic.ligand and the metal redox center.Zl Similar pathways could also
té account for some enhanced electrochemical reaction rates with reactants
: containing teduciblg ligands. However, the impetus for such two-step

pathways in competition with the alternative one-step mechanism presumably

;EE includes a diminution of the effective reorganization emnergy since the

5; latter, but not the former, process necessarily involves simultaneous

~ ' activation of both oxidizing and reducing redox centers. The electrochemical i}f

ﬁ; reductions, on the other hand, only involve reorganization of the.oxidizing ;fi”

%& center since the metal surface "reductant" does not reguire nuclear activation. R

: In.any case, such ligand reduction pathways cannot account for the present -

2 results since as noted above the organic carboxylate ligands employed here do not E};;
undergo electroreduction in the potential range where the Co(III} reduction ;i*

ﬁf kinetics are monitored. . iﬁ;i

i} Nevertheless, the available evidence indicates that organic ligand

% effects upon electrochemical reactivities can be as striking as,if somewhac ;' )
diffefén: from, those observed for homogeneous redox processes. The further .Ff;
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28 NOTIAT

quantitative delineation of such effects, especially with parallel measurements

of reactant adsorption, would be extremely worthwhile.

ACKNOWLEDGMENTS

A number of initial experiments were performed by Drs. Seenu Srinivasan
“and Steve Barr. This work is supported by the Air Force Office of Scientific
Research and the Office of Naval Research. M.J.W. acknowledges a fellowship

from the Alfred P. Sloan Foundation.

> e 0 TR e T TP TSIt p Sy et
\s".( PN S A e e O YO

..... ., LS
-
I o bt

R P ]
AR A,

..f

-----------




REFERENCES AND NOTES.

1.
l

2.
.
v

3.
)
i 4.
- 5.
]
- 6.
- 7.
|
- 8.
; 9.
] 10.
.f 11.
i 12.
b

'tha? apprOpsgsEe to Ehe e§?££t1v£ transition state charge (Z = O orr
gher than Zr. The corresponding relation between K and K° [c£S Eq (6))
K, = K exp(Z Fo /RT). P,

For example,see the following and references cited therein: (a) Barr,

S. W.; Guyer, K. L.; Weaver, M. J.; J. Electroanal. Chem. » 111, 41;
(b) Weaver, M. J.; J. Phys. Chem. , 84, 568; (c) Weaver, M. J.; Tyma,

V.; Barr, S. W.; Weaver, M. J.; Inorg. Chem. 21, 315& (e) Bupp, J. T.;
Weaver, M. J.; Inorg. Chem, » 22, 2557; (f) Barr, S. W., Weaver, M. J.;
Inorg. Chem. 4, 23, 1657; (g) Guyer. K. L.; Weaver, M. J.; Inorg. Chem.,
A984, 23, 1657; h) Li, T. T-T., Liu, H. Y.; Weaver, M. J.; J. Am. Chem. .
Soc. kggw 106 1233.

P. D.; Nettles, S. M.; J. Electroanal. Chem. i%gg 114, 53; (d) Srinivasan,

(a) Weaver M. J.; Israel J. Chem. 18, 35; (b) Weaver, M. Jo;
Hupp, J. T.; ACS Symp. Ser. » 198 181 (c) Barx, S. W.; Guyer,

'Ko Lo; Li’ To T"To; Liu, Ho .3 Weaver, Mc .3 Jo EIGCtrOChem. SOC.

1984, 131, 1626; (d) Hupp, J. T.; Liu, H. Y.; Farmer, J. K.; Gennett,
.3 Weaver, M. J.; J. Electroanal. Chem. 1984, 168, 313; (e) Hupp, J. T3~
Weaver, M. J.; J. Am. Chem. Soc.; submitte

(a) Vlcek, A. A.; Proc. 6th Int. Conf. Coord. Chenm.- , 590; (b) Endicott,
J. F.; Taube, H.; J. Am. Chem. Soc. 4, 86, 1686; (c) Satterberg, T. L.;
Weaver; J. Phys. Chen. M, 82, 1784.

Marcus, R. A.; J. Phys. Chem, kggg,‘gl, 853.

(a) Li, T. T~T.; Weaver, M. J.; J. Am. Chem. Soc., in press; (b) Li, T. T-T.;
Weaver, in preparatiom.

For example, see (a) Taube, H.; Gould, E. S.; Acc. Chem. Res. » 2,
321; (b) Fan, F~R. F.; Gould, E. S.; Inorg. Chen. kgl&, 13, 26

Dockal, E. R.; Everhart, E. T.; Gould, E. S.; J. Am. Chem. Soc. kzlk,
83, 5661.

.Tadayyoni, M. A.; Weaver, M. J.; J. Electroanal. Chem., submitted.

For example, Thamburaj, P. K.; Loar, M. K.; Gould, E. S.; Inorg. Chem,

1911 16, 1946.

"Hupp, J. T.; Weaver, M. J.; J. Electroanal. Chem. kggg, 152, 1.

(a) Barrett, M. B., Swinehart, J. H.; Taube, H.; Inorg. Chen. é%;k 10,
lg83 (b) F&n, F-Ro Eo, Gould, E:o S-, Inotg. Chem- 13 2

Taft, Jr., R. W. in "“"Steric Effects in Organic Chemistry", M. S. Newman,
ed, Wiley, N.Y.; 1956; Chapter 13; also see Shorter, J.; in "Advances in
Linear Free Energy Relationshipa", N. B. Chapman, J. Shorter, eds, Plenum,'-
N.Y., 1972, Chapter 2.

This is because k , is related to the corresponding "electrostatic_work- .
corrected" rate cgnstant kco » at a given electrode potential by 4 _——
ink Ink 5§¢ /RT); i.e., the work term correction is f]‘f




I IERA M M O A A I A AL A 5y A A bl et Sl A I AT S SO AP AP A AP AP A

18 R
14. Weaver, M. J.; J. Electroanal. Chem. 1918, 93, 231.
15. Hupp, J. T.; Weaver, M. J.; J. Phys. Chenm. AR84, 88, 1463.
16. Farmer, J. K.; Gennett, T.; Weaver, M. J.; J. Electroanal. Chem., submitted. ?fl
.17. Sahami, S.; Weaver, M, J.; J. Electroanal. Chem. 'm, 122, 171. \.‘
. -'-;—:\4_.
18. Franks, F. in "Water - A Comprehensive Treatise”, Vol. 4, F. Fraunks (ed), S
Plenum, N.Y.; 1975, Chapter 1. _
19. For example, Damaskin, B. B.; Petrii, O. A.; Batrakov, V. V.; "Adsorption
of Organic Compounds on Electrodes”, Plenum,’N.Y.; 1971. R
20. Radlowski, C. A.; Gould, E. S.; Inorg. Chem. , 18, 1289; Srinivasan, -
V.S.; Radlowski, C.A.; Gould, E.S.; Inorg. Chem. » 20, 2094.
A 21, TFor example, Heh, J.C-K.; Sould, Z.S.; Inorg. Chen. kzlk, 17, 3138, jﬂ
: -
;. -
;' r
: P
: NN
, R
E ' R
. -::,-.':1
: .'-?ij-}
. :?.::4
r ."‘:-..l
* : I .-"
! o
: Ry
:‘ ° \} "'Q.'.x' DAXS Y N -',~;.~.' a w0 e, ot ,.:. R LA AT L O R R . ".‘. M o ~ \.‘\..~ .\- N !:- DN SR SIS \.'\.u.'.:.‘




‘ 33 |
- 3 3‘1 ® | 1
@ .
27 g
: 6g
o 25, Bm ,,
264 pe M g7

w- L
o
i
-

. 5

2 | 30¢  15a

E | 22 g

o . 2a }}m

= Q.0 20y 24

o ~

439 12

. 2 e g3

X =y ,

7 Qo 1 |

W ERRERES

G AN
"
"
"
;

[

'- -1 0
log (ki /i ) &

LTI
2 RTINS
8% %S

v e
Jo v

2
2

-,

hY
o
.



.....
L o e

Pz

h'.-‘

Tata, m

. ..- . .-',.-“.v “-_...’~

10o
L
10g
1
1
LA SAN

(A)
g
g
i
S0
(B)

-20
30
.'.4_0 _
-0}
-20 k-

EPL T o epu 1, o e

DA A . A v L4 e,

BORRT L WRARIOT «  ATOATOT BRI RERRRTARRINR ¢ \ BN GROOTRRT IS
4 _ L) v~a b5 .. y P

'
(,99s wo)*y bo|



AT Nl N SSIC ISR AT T At ar e A i arip el geie SOV el oS by oS UL N AP I S Nt Ja e g
................ AT e
2
A
St

e
k

fu3

oL - By 1
15

” |
26A2 2 14ﬂ
11a‘.16 19. .17
24 @3
25—20V Y2
3iQe7

L OAc
ob/ kOb ).
1

log (k

22 28
326 o099

1 I 1

-1 * O _ _ o
log (kE/7kPAC) - -

LK

.
............



R ¥, 0 y - b DN - - = -
, ¥ 0¥ o
~— R d -
A - L e e =T A R L L R PO S PN S - G

-

A

v % 'n'h‘) R

A

U
N
T

.. 9
v \
\ AN

™ 2ouw6 o
80

log k_fcm sec')

"a s

@14

PAT A i
[} I3
LR A N

|
W
N

Sy

.

N
P
7,

2N
';./.

v
‘
* %

l.'
A

s




- FIGURE CAPTIONS . 1
;_': '-".d‘j
Figure 1 T
- . - :'j':'._w
Logarithm of ratio of rate constants, kl"b (cm sec 1) for electroreduction .
_\ of given Co(ml3) 5L2 complex with respect to that for Co(NH ) OAc k::c. at
. . . 1
> mercury in aqueous 0.1 M NaCl0, + 5 mM HC10, at -100 wV vs sce, plotted against
b corresponding rate ratio, log(kh/khAc) for homogeneous second-order reduction - N
. i
by Ru(NH3) :Ln aqueous 0.05 M sodium trifluoroacetate acid containing 5-20 mM j
trifluoroacetic acid. Kinetic data detailed in Table I. Numbered points refer
x to system numbers given in Table I. Key to ligand types: (O) acyclic aliphatics, oo
. (13) aliphatic rings, (W) benzene rings, (W) furans, (A) pyridines,
: (@) thiophenes.
" . i.-' .
B Figure 2 b
\ Logarithm of rate constants for (A) electroreduction of Co(lms) 5L2+
3 g
- complexes at mercury and (B) homogeneous reduction by Ru(NH ) * in aqueous e
- ‘ solution plotted against Taft inductive parameter; 12 for key to system numbers —
. see Table I, and for conditions and key to symbols see footnotes to Fig. 1. .
Figure 3
- to—
As Fig. 1, but for electrochemical rate constants at gold-aqueous "“""
interface. 1.::: X
Figure 4 .

* Logarithm of rate constants for electroreduction of Co (NH,) 5L2+ complexes o
~. T at mer;ury-dinethylsulfo‘xide interface at -500 mV vs sce with 0.1 M tetraethyl- "
. ammonium perchlorate suppofting elect;:olyte, plotted against Taft substituent >~
: parameter. See Table I for key to system numbers, and footnotes to Fig. 1 "*_'-
- . - * RN
- LYY
. for key to symbols. :"'\
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System
No.

w > W -

12.

13.

14.

15.

16.

Ligand L

Mercury Electrode

a
l‘ob _
cm sec

8.5x10™

3.2x10"°

4.2x10"2

6.5x10">

4.0x10">

4.0x10~>

1.5x1073
2.4x1073
1.1x1073
2.0x10™>

1.1x1072

2.5x10"2

§.5x10">

2.0x10"2
6.1x10~2

1.0x10"2

aob

0.58
0.52
0.46
Q.55
0.57

0.51

0.50
0.47

0.50

0.52

0.52

0.57

0.52

0.51

0.50

0.50

3)6

2

Gold Electrode

a
kob -1
cm sec

3.1x10™°

6.5x10"

3

4

6.8x10"

3.2x10°
3.0x10™°

1.2x10~%

1.0x10™%
4.8x10"
6.0x10™°
1.8x10~%

4.5x10~%

5.0%10

4.6x10"%

1.6x102

3.1x107>

1.2x10"2

-4

b
ob

a
0.70
0.71
0.73
0.67
0.66

0.52

0.52
0.66

0.72
0.70

0.77

0.77

0.77

0.74

0.70

0.65

3,.3x10"

TABLE 1. Rate Parameters for Reduction of Co(NH3)5L2+ Complexes at Mercury- and

Gold-Aqueous Interfaces at -100 mV, and by Ru(NH * in Aqueous Solution.

2+

Ru(NH )6

1.3x1072

1.8x10"2

4.6x10"2

2

1.7x10"2
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- TABLE I Continued g:
E: System Ligand L Mercury Electrode Gold Electrode RM(NH3)62+ ~;§
= a b a b e o
; No. kb %ob kb %ob *n -
NG , , cm sec™t cm sec” MY sec™! i
\':‘ . - -s::'.
2 S CH,coo 2 3 =
17 1.1x107%  0.55 6.5x10™  0.66 5.1x10™2 o
N e

R (cH,),C00" . - - -2 e

: 18 @ 2’2 8.7x102  0.51 9.7x103  0.64 2.8x1072 Ll

- : CH=CHCO0™ 2 -2 , Lo
» 19 1.2x10 0.51 2.0x10°°  0.56 4.2x10” —
coo '

20

21

22

<

PO Y

7.4x1073

8.3x10™>

2.1x10">

0.61
0.55

0.51

1.1x10™3

1.5x10°>

1.6x107>

0.83

0.86

0.53

1.9x1072

1.9x1072

2 23 1.4x10°2 056 1.5x107  0.86 1.4x10"2 o
24 1.0x10°%  0.53 1.3x10"3  0.85 1.3x10~2 -
o . S -3 -3 -2
25 _  8.0x10 0.51 8.9x10™>  0.80 1.5x10
3 CH,C00 s
- 26 Q‘ CH=CHCOO ) 9x1072  0.53 7.2x1073 . 0.87 1.0x1072 —
5 . ) . -3 .: . =2 -2
:_:- 27 . coo- S aoxlo 0.’75 20 3x1° Oo7l 10 3810 :'.::
) -
% 28 o 2.x107  0.74 7.3x1070  0.7s 3.5x1072 .
o CHZCOO * * - o
ol B \::
.. iy =3 -3 . -2 ;.:‘:
5 29 - 1.7x10 0.65 7.0x10™>  0.65 3.2x10
. ! CH,) ,C00 -
30 - 1.1x1073 0.72 3.0x10™°  0.57 1.1x10~2
(CH 2) 3C0° . ’ ‘:,
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TABLE I Continued , ﬁi;;
Svstem Ligand L Mercury Electrode Gold Electrode Ru(N}la) 6 o
@ b k.4 b e ek

ob %ob k‘b

cn sec™t cm sec”! N~ sec e

No. kob °oh

coo” g
3 O 5,220 0.76 2.8x10°2  0.72 1.3x1072 —

,€00 i

32 . 2.0x10 ~2

0.71 7.5x10" 0.79 1.8x10

. : ..

" SN
3 O.cn.mcoo' 11102 0.69 3.2x207%  0.62 4.1x10°2 o

Footnotes to Table 1

20bserved rate constant for electroreduction of given CO(!ma) 5L2+ complex at mercury
or gold electrode, as mdica;:ed. st =100 mV vs sce in 0.1 M )hClO‘ +5u BC].O‘.

bObserved’ transfer coefficient at mercury or gold electrode, as indicated, ““""‘

Acorresponding to listed value of k ob°
Observed rate constant for homogeneous reduction of given CO(NH3) l.2 complex by 1-'?"-
Ru(NB3) * 4n- aqueous 0,05 M sodium trifluoroacetate conuining 5-20 mM T
tri.fluoroscet:.lc acid. . R
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TABLE I1 CUnimclecular Rate Parameters for Outer-Sphere Reduction of

III(Nh3)51. Complexes at -200 mV vs sce at Chloride-Coated

Silver-Aqueous Interface. Comparison with Corresponding Rate

Parameters for Aqueous Solution Reactants at Mercury Electrodes.

Ligand L k @ o b k°°“c x4 ot xf ) &4
. et et et ob ob P o
sec t sec ™t cm sec cm cm
2 -4 -7 -
W, 20 0.68 4x10 2.5x10 0.7 6x10 8x10
Ci,C00” 15 0.7 3x10°  3.5x10°% 0.7 1.2x10~% 3x0”
f
- 2 -3 -5 -
O—coo 15 0.7 3xl10 8x10 0.75 3x10 8x10

-4

@.coo’ 20 0.65 4x10 0.15 0.65 3.5x10
‘ 3 "2 -5 -
_ 50 0.75 1x10 3.5x10 0.8 3.5x10™ 1x10
o0
_ 15 0 3m0® 0.2 0.8 6.5x10™% 2x10”
,C00
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%ynimolecular rate constant for electron-transfer step at -200 uV, determined
by means of rapid linear sweep voltammetry for electrostatically adsorbed

reactant at silver electrode in 0.1 M KCl as outlined in ref. 8.

bTransfer coefficient for electton-ttansfer step, determined as in footnote

(a).8 !

®Work-corrected unimolecular rate constant at -200 mV, estiqated from k
by correcting for potential at reaction plane at chloride-coated silvef

(s =110 nV) (see text and ref. 8).
d

Observed rate constant for solution reactant at -200 mV at mercury electrodes

in 0.1 _b_t_NaClo4 (pH 2.5) determined by using normal pulse polarography.

®Observed transfer coefficient for solution reactant, corresponding to kob'

L ~
'Precursor stability constant, determined from Eq. (5).

gElectrostatic-cortected precurscr stability constant, determined from Kp by

using Eq. (6), with ¢ -20 mV (see text).
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